Nanophotonic engineering holds great promise for photovoltaics: the record conversion efficiencies of nanowire solar cells are increasing rapidly 1, 2 , and the record open-circuit voltages are becoming comparable to record planar equivalents 3, 4 . Furthermore, several authors have suggested that nanophotonic effects such as large absorption cross sections can reduce cost and increase efficiencies with respect to planar solar cells 5, 6 . These effects are particularly pronounced in single nanowire devices, where two out of the three dimensions are subwavelength. Therefore, single nanowire devices provide an ideal platform to study how nanophotonics affects photovoltaics [7] [8] [9] [10] [11] [12] . However, for these devices the standard definition of power conversion efficiency no longer applies, because the nanowire can absorb light from an area much larger than its own size 6 . Additionally, the thermodynamic limit on the photovoltage is a priori unknown and may be very different from that of a planar solar cell. This complicates characterization and optimization of such nanoscale devices. Here we analyse an InP single nanowire solar cell using intrinsic metrics to place its performance on an absolute thermodynamic scale 2 and pinpoint performance loss mechanisms. Determining these metrics requires integrating sphere microscopy, which enables simultaneous and spatially resolved quantitative absorption, internal quantum efficiency (IQE), and photoluminescence quantum yield (PLQY) measurements. For our record device we measure a photocurrent collection efficiency of >90% and an opencircuit voltage (850 mV) that is 73% of the thermodynamic limit (1.16 V).
The single nanowire device consists of a 310 nm diameter wurtzite InP nanowire with a 50 nm SiO2 coating used to prevent oxidation and enhance stability (see Fig. 1a and Methods). It has a short-circuit current of "# = 450 pA, an opencircuit voltage of %# = 850 mV, and a fill factor of FF = 0.76 under AM1.5 solar spectrum illumination (Fig. 1b) , all of which are high compared to previous nanowire devices. However, to understand the origin of the obtained "# and %# we need to determine intrinsic metrics like the device IQE and PLQY. To date the primary experimental challenge in determining these performance metrics for single nanowire devices has been measuring quantitative absorption during solar cell operation, which is not possible with existing techniques 13 . These methods assume that absorbed power is converted into heat (photothermal spectroscopy 14, 15 ), that the nanoparticle does not scatter (spatial modulation extinction spectroscopy 16, 17 ), or that the particle is an ideal dipole (scattered field interferometry 18 ). Integrating sphere microscopy circumvents these assumptions by combining the standard tool for measuring absorptance of macroscopic samples 19 or ensembles of nanoparticles 20 , with a long working distance microscope objective (see Fig. 1c ). This technique measures all power that is not absorbed (reflected, transmitted, and scattered), allowing the absorbed power to be determined directly from a simple energy balance (see Fig. 1 and Methods for further details).
Two-dimensional maps of the absorptance (fraction of incident power that is absorbed) and IQE (fraction of absorbed light converted to current) are shown in Fig. 2 . A top view SEM image of the device is shown in Fig. 2a for comparison to the absorptance and IQE maps in Fig. 2b and 2c, measured at an excitation wavelength of 600 nm. The IQE reaches a peak value of 100% and is strongly localised to the upper half of the wire, as is more clearly visible in the line profile of the IQE along the nanowire in Fig. 2d . The colour shading in Fig. 2d shows the intended doping profile during nanowire growth. Carrier collection is most efficient near the ntype/intrinsic interface, and collection occurs over a length of 3.4 microns. In the ptype region the IQE is essentially zero, indicating short electron diffusion lengths. This is confirmed by an electron-beam induced current (EBIC) measurement shown above the IQE line profile, from which we determine the electron diffusion length in the intrinsic/p-type segment to be 285 nm (see Figure S1 ). The IQE is nearly independent of polarisation and wavelength, with values >90% over the whole wavelength range up to the band gap (Fig. 2e) . The small difference in band gap depending on excitation polarisation is caused by the anisotropic nature of wurtzite InP and has previously been observed with photoluminescence excitation spectroscopy 21 .
With integrating sphere microscopy we can probe not only the IQE to understand the current collection efficiency, but also directly measure the PLQY 20,22 . Our spatially-resolved measurements show that the nanowire PLQY peaks in the same region where the IQE is highest (Fig. 3a) , with an average PLQY over the active area of 0.9% at an excitation intensity of 1 μW 600 nm light (~1.4×10 > suns, note that the PLQY is independent of excitation wavelength as shown in Fig. S2 ). To determine the average PLQY at 1 sun intensity, we measure at a range of lower excitation powers (Fig. 3b) deficit is likely due to large series resistance, which can also be observed from the slope of the I-V curve in Fig. 1b and is supported by a fit of the I-V curve (see Supplementary Section 6). The series resistance can most likely be reduced by increasing the contact quality and reducing the length of the intrinsic nanowire segment.
The %# &'( for this device is higher than the Shockley-Queisser %# for a planar cell with an absorption onset at 890 nm (see Fig. 4a ), which is 1.13 V 28 . The difference arises due to suppressed absorption near the band gap, which thus leads to reduced emission and a lower radiative recombination current 29 . It is important to note that such a voltage enhancement due to suppressed absorption necessarily comes at a cost in current, and can therefore not lead to efficiencies above the Shockley-Queisser limit in macroscopic devices 30 .
Integrating the EQE over the AM1.5 solar spectrum is a common procedure used in macroscopic solar cells to verify the "# from solar simulator measurements.
Here we find that an analogous procedure using EFE instead of EQE gives a calculated short-circuit current of 320 pA, which is 29% lower than the value measured under the solar simulator (450 pA). We attribute the difference to light trapping in the glass substrate, which leads to an overestimation of the actual photocurrent. This is supported by the fact that covering almost the entire sample with opaque foil, including the nanowire, still results in a short-circuit current of ~100 pA (22% of total, see Supplementary Section 7). This suggests that just as with macroscopic solar cells, "# measurements under the solar simulator require proper masking to avoid artifacts. We therefore used the Isc value based on EFE for the calculation of %# &'( (see Supplementary Section 5).
In conclusion, integrating sphere microscopy measurements and analysis allow us to place nanoscale solar cell performance on an absolute thermodynamic scale and pinpoint loss mechanisms. These measurements may direct our efforts to make more efficient integrated power sources for autonomous nanoelectronic applications 7 or macroscopic nanowire solar cells that can beat record planar cell efficiencies. In terms of photocarrier collection, these nanowires are already close to the limit, reaching IQE values >90% in both polarisations for a 3.4 micron segment of the nanowire. In a vertical nanowire geometry, with the n-type segment facing the sun, this is enough to absorb all incident light and collect the generated carriers.
Regarding the photovoltage, we determined three different values for the %# that can help us pinpoint remaining loss mechanisms ( Fig. 4b ): (1) the thermodynamic limit calculated from wavelength-dependent EFE measurements (1.16 V), which only includes radiative recombination; (2) the material limit extracted from local PLQY measurements (950 mV), that includes non-radiative recombination in the nanowire; and (3) the device limit extracted from solar cell operation (850 mV), that also includes losses at the contacts. The 210 mV (18%) loss related to non-radiative recombination in the nanowire could be reduced by lowering the surface recombination velocity (surface passivation) or material defect density (purification). Improvements in contact selectivity alone could lead to a 100 mV (12%) increase in the %# compared to our record single nanowire results. 
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Verheijde for technical support, and Henk-Jan Boluijt for the schematic diagram in The bottom of the glass holder is connected to a printed-circuit-board socket which also connects to a flat electrical cable extending outside of the integrating sphere (see Fig. 1c ).
The metals used to contact the single nanowires were Ti (200 nm) and Au (30 nm) for the electron contact (on the n --doped part) and Cr (~3 nm), Zn (15 nm), Au diffuse Zn into the p-type InP nanowire and create a highly p-doped layer 11 . We found this treatment to be damaging to our nanowires (strong decrease in photoluminescence efficiency) and therefore omitted this step, as the in situ doping of our nanowires allowed the formation of ohmic contacts even without annealing.
Nevertheless, we chose to evaporate Zn for the hole-contact to prevent diffusion of Zn from the nanowire into the contact metal at elevated temperatures during the evaporation and lift-off steps. Integrating sphere microscopy The general measurement procedure for an absorption measurement is to prepare a sample on a glass substrate (it is crucial that the substrate is non-absorbing). The integrating sphere is positioned on a stage allowing it to be moved up and lowered to accommodate sample loading. The sample itself is positioned on a piezoelectric stage (required for scanning, to obtain local information) directly underneath the integrating sphere, which in turn is positioned on a mechanical stage. The sample is inserted into the integrating sphere through a narrow slit in the bottom of the sphere, to minimise exposed open aperture area in the integrating sphere. The integrating sphere photodetector is positioned behind a baffle to prevent direct illumination of the detector, as can be seen in Fig. 1c .
The absorptance of a sample in an integrating sphere is typically given by = 1 − " / & , where " is the integrating sphere photodetector signal when illuminating the sample and & when the incident beam misses the sample (the reference) 22 . Normally the sample inside the integrating sphere is slightly tilted, such that the specular reflection stays inside the integrating sphere. Here, however, tilting the sample is impractical due to the use of an objective. Hence, we have to add an additional photodetector to detect reflected light (see Fig. S3 ), and an additional term to the standard equation to account for reflected light:
where A is the absorptance, Rs and Rr are the reflection and reflection reference measurements to account for detection sensitivity. The additional 0.04 is a correction factor to account for the reflection from the second interface of the glass slide, which goes back into the objective but is not collimated (as it is far out of focus) and therefore not detected. As a result 4% is missing from the power balance, which is accounted for in Eq. 2. We have implicitly assumed here that this reflection loss is constant, but in reality it slightly decreases or increases with the amount of forward scattered and transmitted light. Hence, it is a small source of error: for example, if 20% of the incident beam is absorbed by a non-scattering particle, this will lead to a reduction of this reflection loss to 3. To verify that with integrating sphere microscopy we can indeed measure absorptance accurately, we measured the "absorptance" on silica (SiO2) nanobeads.
While they do not absorb, they scatter strongly, providing us with a means to determine the collection efficiency of scattered light. Based on the ratio of detection loss in the integrating sphere to total extinction for the nanosphere we estimate that 95±1.2% of the scattered power is collected (see Supplementary Section 4).
For measurements on the nanowire solar cell we use very low powers (< 1 nW) to achieve intensities close to 1 sun. We therefore used Newport 818 series photodetectors, which have a low noise-equivalent power, connected to SR830 lockin amplifiers. The nanowire solar cell is connected to an SR830 lock-in amplifier as well, and incident power is modulated with 195 Hz, below the cut-off frequency of the nanowire device. Calibration of the incident power is done by placing one of the calibrated Newport 818-UV photodiodes directly in front of the objective.
Photoluminescence measurements An integrating sphere is also commonly used to measure photoluminescence quantum yield (PLQY) quantitatively, either by connecting a spectrometer to the integrating sphere or by using a combination of long-and shortpass filters 22 . To measure the PLQY on the nanowire we use a longpass filter in front of the integrating sphere detector (Thorlabs FELH0750). The PLQY at low intensities is not high enough to require a shortpass filter for accurate absorption measurement. The photoluminescence collection efficiency of the integrating sphere is determined by sending monochromatic light over the wavelength range of photoluminescence into the integrating sphere, but missing the sample. The total photoluminescence detection efficiency ab (Coulombs/emitted photon) can then be calculated using:
Here λ is the PL spectrum (shown in the inset in Fig. 3b) , and is the wavelength dependent collection efficiency of the integrating sphere (also in Coulombs/photon).
The PLQY is then calculated as the number of emitted photons divided by the number of absorbed photons. The absorbed power itself is determined through Eq. 2, for which a similar procedure is followed. Due to the low incident power the photodetector noise contained in 'D" dominates for Figs. 2e and 3b, while for the cross sections in Fig.   4a fitting of the spot size dominates the measurement uncertainty, which can be further improved.
Measurement uncertainty

Determining the collection cross section
The total current generated under given illumination intensity at wavelength is given by:
Here q is the electron charge, IQE(r) is the local collection efficiency, 'D" ( ) is the locally absorbed power, and the integral is over the volume of the nanostructure. To obtain a quantity that is normalised to the incident intensity (i.e. equivalent to the external quantum efficiency), we express Eq. 5 in terms of absorption cross sections. where r is the Gaussian peak intensity (in / h ) and )~ is the total power carried by the beam (in ). The beam waist A is defined as the radius at which the intensity is r / h . When the wire is subject to inhomogeneous illumination, as with a Gaussian spot, the total absorbed power is found by integrating the intensity along the nanowire, where we assume that we can ignore the intensity gradient over the width of the nanowire (i.e. the wire is infinitely thin):
where for simplicity we assume that the wire is aligned along the z-axis. Combining with Eq. 8 and 9 we find Eq. 7, where = 'D" / )~. This formula has been applied before to carbon nanotubes 17 . Although the assumption is made that the wire is infinitely thin, agreement between this approximation and full-wave simulations is good (see Fig. S5 ). Experimentally we did not observe a dependence of the absorption cross section on the spot size, which we checked by underfilling our objective until the spot size was increased by 60%. It is important to note that absorptance measurements with the focused spot are possible for all sizes, but that only conversion to an absorption cross section becomes complicated for large diameter nanowires when using a tightly focused spot. This problem can be mitigated, however, by using a larger spot size (thus at the cost of spatial resolution).
It is also important to note that EFE can also be determined directly from the 
